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INTRODUCTION
Alliance Principle 1.4 reads:
Visual displays that carry information relevant to the driving task and visually-intensive information should be positioned as close as practicable [1] to the driver's forward line of sight.
For a driver to be in full control of the vehicle and aware of the dynamic roadway there is a broad consensus that, apart from brief glances at mirrors or instrumentation, the driver's gaze should be directed towards the roadway. Visual displays positioned close to the normal line of sight reduce the total eyes-off-the-road time relative to those that are positioned further away. Such positioning also maximizes the possibility for a driver to use peripheral vision to monitor the roadway for major developments while principally looking at the display.
A manufacturer may use either Criterion 1.4A or Criterion 1.4B below to define the allowable downward viewing angle to displayed information. One is for use in two-dimensional
Computer-Aided Design (CAD)
analyses, and one is for use in three-dimensional CAD analyses. Both of these criteria have been derived from research that underlies a JAMA guideline on downward viewing angle. As a result, these criteria are based on a reference point called the Japanese eye point. In order to apply these practices in North America in a way that is consistent with Japanese criteria, it is necessary to establish a corresponding point in terms of North American practice. In this Principle, therefore, the term 'eye point' is the SAE equivalent of the JIS (Japanese Industrial Standard) eye point [2] , which is the SAE J941
[3] 2D eyellipse side view intersection of XX and ZZ locator (datum) lines. This corresponding point is located 8.4 mm up and 22.9 mm rearward of the mideye centroid of the SAE eyellipse [3] .
CRITERION 1.4A (2D CAD ANALYSIS)
If head-down, the display shall be mounted in a position where the 2D downward viewing angle is less than or equal to 30 degrees at the geometric center of display.
Since the eye point height from the ground differs greatly between passenger cars and large trucks, the relationship between eye point height and the perceptible distance was calculated with a compensation equation given below in Eq. 1 in relation to the eye point height from the ground.
When the height of the eye point above the ground is 1700 mm or more, the display shall be mounted in the position at which the downward viewing angle shall be less than the value obtained from Eq. 1 [4]:
Angle (degrees) = 0.01303 × (eye point height from the ground (mm)) + 15.07
Although no lateral viewing angle provision is specified, current research has validated this Principle only for display locations up to 40 degrees laterally from the driver. The intent of this Principle is to apply to visually intensive displays located in the instrument panel center stack. This procedure is to be applied within a computer-aided design or modeling tool (or some equivalent measurement method). It is also intended to be applied when the seat is in its design nominal position, and the display is located at its design-intent position. This recognizes that some variations around these design nominal positions may occur at the time of vehicle build or assembly, but need not be individually measured.
If head-down, the display shall be mounted in a position where the downward viewing angle is less than 30 degrees. The downward viewing angle should be set between two lines that project on the vehicle's Y plane. The first line projected on the Y plane should be drawn from the Japanese eye point -or, in North America, from the corresponding point 8.4 mm up and 22.9 mm rearward of the mid-eye centroid of the SAE eyellipseparallel to the X-axis. The second line should be drawn from the center of the display monitor to the same eye point (8.4 mm up and 22.9 mm rearward of the mid-eye centroid of the SAE eyellipse (or corresponding point in the Japanese practice). It should be noted that the term center of the display monitor corresponded to the bottom of the display information in the empirical study upon which this criterion is based.
CRITERION 1.4B (3D CAD ANALYSIS)
If information subject to this Principle is displayed at a head-down location, the displayed information must be located at or above the criterion downward viewing angle [6] at the geometric center of the active display area as determined by the following procedure [7] . Note that the "active display area" excludes unused display surface and hard switches. Fig. 1 [8, adapted from their Fig. 1 ] shows the three-dimensional reference system that will be used to describe the method. The maximum allowable 3D downward viewing angle (3D downangle) for a particular vehicle is set in a manner consistent with the JAMA data Maximum Allowable 3D Downward Viewing Angle:
The method to derive the appropriate maximum allowable 3D downward viewing angle for a specific vehicle is described below. In short, this method guarantees that the calculations for a new vehicle 3D maximum downangle encompass the empirically based CAD model and equations as given in [9] . That is, the model [9] has now been generalized to allow for a true 3D downangle, which more closely approximates the actual downangle of the driver's visual system when observing the display.
Examples are given in the Appendix.
Justification:
A driver will be better able to monitor the roadway and the driving environment if the display location is kept as close as practicable to the driver's forward view.
A display that is located too low in the vehicle may divert the driver's attention from the roadway and may cause a dangerous situation.
Several studies on driver inattention or distraction have shown that rear-end type crashes are a predominant scenario [16] , [17] , [18] . This Principle is based on the JAMA Guideline [5] concerning the monitor location of image display devices, and test results on which these Guidelines are based [9], [10] . These provisions were adopted when the JAMA Guidelines were revised in February 2000.
The JAMA study [9] , [10] determined the lower limit of a display's downward viewing angle at which drivers focused on the display are still able to perceive they are closing on a preceding vehicle within the distance needed to avoid a rear-end collision. It should be noted that, to date, this study appears to be the only one published which has addressed downward viewing angle in terms of the driver's ability to perceive a lead vehicle at the time that a glance to an in-vehicle display is occurring. As such, it has formed the basis for criteria 1.4A and 1.4B above. However, it would be desirable to have a more substantial body of research on which to base these criteria and it is an area that deserves further research in the future so that these criteria and verification procedures can be refined. In the future, as additional research is conducted and becomes available, it can be applied to improve and solidify the criteria under Principle 1.4.
The method used in the JAMA study [9] , [10] to define an allowable downward viewing angle is pertinent to the current criteria. This method included:
• Visual target: The visual target for the driver of the test vehicle was a preceding vehicle that was stopped on road with its brake lights illuminated.
• Visual task: Test subjects were instructed to watch for a preceding vehicle by means of peripheral vision while looking intently at single-digit numbers (7 mm in height).
• Evaluation index: The distance at which test subjects became aware of presence of the preceding vehicle by means of peripheral vision measured and defined as perceptible distance was the evaluation index for this task.
Calculation of Lower Limit of Display:
Based on the experimental results [9], [10] the relationship between (1) the distance at which drivers can perceive they are closing on a preceding vehicle while gazing at the monitor and (2) the downward viewing angle of the monitor, can be approximated with Eq. 4 [9] for a passenger car (eye point height from the ground of 1146 mm). 
A rear-end collision may be avoided if the following vehicle begins to brake by the time it reaches a point where the preceding vehicle started to brake. Consequently, the required headway must include braking response time of the driver of the following vehicle.
A conservative estimate of approximately 2 second headway may be considered desirable, as it includes delayed reactions and variation among drivers when braking suddenly to avoid an unexpected vehicle ahead in city driving [19] . From this headway time, at 60 km/h drivers should be able to detect a preceding vehicle at a distance of 33 meters.
This relationship is shown in Fig. 4 . In order to account for individual differences in perception, judgment and vision, it was decided to subtract the average standard deviation (S.D.) of the perceptible distance from the average value. From the data in Fig. 4 , the relationship between the average S.D. of the distance for perceiving a preceding vehicle and the downward viewing angle of the monitor can be approximated with Eq. 5: y = -1.060 x + 69.370 (average -S.D.)
The difference in the monitor's downward viewing angle in terms of the eye point and the normal eyellipse is approximately 5 degrees, which corresponds to a difference of approximately 5 meters in the distance for perceiving a preceding vehicle (see Fig. 4 ). In order to account for difference in eye point positions, a margin of 5 meters should be provided for the perceptible distance.
From Fig. 4 , at a perceptible distance of 33 meters in city driving, the intersection of the difference between eye point and ellipse data occurs at approximately a 30° downward viewing angle. Taking the above considerations into account, the lower limit of the downward viewing angle of the screen in a passenger car was found to be approximately 30°. This observation formed the basis for Criterion 1.4A.
The JAMA study [8] , [9] also examined perceptible distance to a lead vehicle at various eye height locations (1146 mm, 1393 mm, 1737 mm, and 2388 mm). The results revealed that as drivers' eye height above ground increases, the further they could see down the road.
Essentially, the line of sight to the lead vehicle at elevated eye heights declines slightly from horizontal. The angular distance between a lead vehicle and the display decreases the higher the driver is above the ground. This means that a lead vehicle can be detected with display placements at larger downward viewing angles. The authors [8], [9] provided the regression equation specified under Criterion 1B above, as the description of allowable downward viewing angle as a function of eye height. In addition to varying eye height above ground, the JAMA study [8] , [9] also examined display locations at various horizontal angles from centerline of driver (in seated position). These results suggest that an angle measured in three dimensions (from driver seated position) is appropriate as lateral displacement of the display increases (within the range studied) [22] . Together, the results from both of these additional research manipulations provided the basis for Criterion 1.4A (in which downward viewing angle is determined as a function of eye point height) and Verification Procedure 1.4B (with is measured in three dimensions from the driver seated position to the display location).
Comparison of 2D and 3D Methods Criterion 1.4B accounts for the actual downward viewing angle of the driver's vision system when viewing the display. Drivers typically move their head and/or their eyes to a display to bring the fovea or area of highest acuity vision onto the display. The ability of the driver to detect and respond to vehicles or objects on the road ahead when glancing downward is determined by the limits of the human peripheral visual system, more so by the up-down visual dimension rather than the left-right one, as shown in the [9], [10] data, and is well known from human visual periphery studies [20] . These limits are more closely associated with the actual downward angle in the vertical dimension of the driver's eyes, not the 2D side angle in vehicle coordinates. Therefore, the 3D angle as shown is a better approximation to the driver's actual downward visual angle than the 2D angle measured in the side view, from a human vision standpoint. On this basis, the 2D downangle method in 1.4A is overly strict for cross-car distances greater than the intersection point of the two curves and overly lenient for cross-car distances smaller than that intersection point (see Appendix Fig. A1 ). The 2D downangle method leads to a constant horizontal constraint line on the instrument panel (see Appendix  Fig. A1 ). At greater cross-car distances, this fixed distance down leads to smaller and smaller true visual angles the further the displacement is away from the driver, just due to basic geometry. Likewise, the 2D method may be overly lenient if the cross-car location of the display were to be moved closer and closer to the driver (for example, at or near the instrument cluster). Nonetheless, the 2D method is simple to understand and implement, can be based on grid coordinates without the need for a ground plane definition, and it encourages higher and more optimal display placement at a typical display location in the center stack.
CRITERION 1.4B VERIFICATION (FOR USE WITH 3D CRITERION ANGLES):
This verification procedure is appropriate for use with Criterion 1.4B (and represents an angular measurement done in three dimensions from eye point height at the driver's seated position). It is also appropriate when the height and width of a vehicle might differ from those for which the simpler 2D criterion and measurement were developed.
This procedure is to be applied within a computer-aided design or modeling tool (or some equivalent measurement method). It is also intended to be applied when the seat is in its design nominal position, and the display is located at its design-intent position. This recognizes that some variations around these design nominal positions may occur at the time of vehicle build or assembly, but need not be individually measured.
Three alternate methods are given for Section 1.4B, all of which produce an equivalent answer. In all three methods for 1.4B, it is perhaps easiest to first translate and then rotate the world coordinate system (WCS) to align with the SAE curb ground plane. The original grid coordinate system (as in Fig. 1 ) must not be used, or it violates the assumptions of Criterion 1.4B. If this angle is equal to or less than the maximum allowable downward viewing angle computed for Criteria 1.4B, then the display location meets the criterion.
Method 2 -Swept Line Method
Another way to implement this verification method in a Computer Aided Design (CAD) system is to create a swept line. Construct a single line that has a fixed angle down from the horizontal plane containing the eye point -that is, a fixed angle down from the driver's forward line of sight to the roadway. The down angle to the forward line of sight should be set at a value of θ 3Dmax -the maximum allowable 3D downward viewing angle (as determined from Criteria 1.4B). Once anchored and positioned this way, the line can be swept laterally, such that it makes a constant downangle with the horizontal plane containing the eye point. This swept line will trace an intersection path on the dashboard representing the lower limit for the display point. This trace is the 3D constraint line. If the displayed information lies above the intersection of the display and this constraint line, it is considered to meet the 1.4B downward viewing angle requirement.
The swept line also creates a cone [21] . The cone that is generated by the swept line is illustrated in Figs. 5-7. Fig. 5 is a perspective view, Fig. 6 is a side view, and Fig. 7 is a rear view. The apex of the cone is at the eye point E. If the criterion display point were inside the boundary of the cone shown, the component placement would not meet criterion 1.4B. Because it is outside the boundary of the cone (see Fig. 7 ), it meets criterion 1.4B [22] . The intersection of the cone with the vertical YZ plane containing the display point traces a hyperbola, which is the line shown in Appendix Fig. A1 , labeled "1.4B 3D constraint line." 
Method 3 -Two-Point Math-Based Method
A final way to implement method 1.4B is to ask a CAD operator to determine the X,Y,Z values of two points: the mid-eye eyellipse centroid, and the display point. (Note: the X and Z values need to be determined with respect to the SAE curb ground plane [11] , not the grid coordinate system of the vehicle as in Fig. 1.) Then the formulas given below can be easily placed for example in an Excel spreadsheet to calculate the maximum allowable 3D angle, and the actual 3D angle.
Let X display , Y display , Z display be the coordinates of the display. Let X eyeSAE , Y eyeSAE , and Z eyeSAE be the SAE eye coordinates. Then calculate the JIS eye point as per Eqs. 6:
Then calculate: 
Note that c 00 must be fixed at 550 mm, and d 00 at 370 mm, based on the JAMA CAD model of the experimental results (see section "Maximum Allowable 3D Downward Viewing Angle").
Examples:
Good: Visual display positioned high on the instrument panel towards the driver's side of the central console, but not being obstructed by the steering wheel or obstructing the forward vision.
Bad: Display positioned too low in the console area towards the front passenger's side or within a glove compartment.
DISCUSSION AND CONCLUSION
Two methods of downangle calculation are shown which both are consistent with known data on the ability of drivers to detect and respond to a vehicle brake light in a vehicle in front of them. At this point in time, either method of downvision calculation can be a useful tool to assess vehicles for compliance with Principle 1.4
Additional studies are recommended to further test and validate the Alliance Principle 1.4 criteria and model. These methods also be further refined and explored to determine sensitivity to both vertical and horizontal vision. Further mathematical modeling work can potentially unify the 2D and 3D criteria into a single downangle metric. The objective would be to merge the motion and luminance contrast sensitivity contour plots of the human visual system as a function of retinal eccentricity, into a common mathematical model with the geometry of the driver, roadway scene, display, and vehicle interior.
In conclusion, downvision metrics are presented with verification procedures to ensure that visual displays that carry information relevant to the driving task and visually-intensive information shall be positioned such that a driver's peripheral vision can still monitor the roadway for visual changes when the driver briefly glances at a display. [22] Although no lateral viewing angle provision is specified, current research has validated this principle only for display locations up to 40 degrees laterally from the driver.
[23] The θ 2Dmax0 value can be easily calculated in the JAMA CAD model [9] because the center point of the display was at the center line of the vehiclethat is, the display was centered on the center stack in the middle of the vehicle, midway in cross-vehicle distance between the driver and the passenger.
[24] Note that the 2D angle shown here is calculated in ground coordinates, but it is often necessary in practice to calculate it in grid or vehicle coordinates (main body Fig. 1 ) early in vehicle design, when no ground plane may be defined. Table A1 gives parameters of the driver-car model that match to the forward event braking data [9]. The 3D downangle limit is 25.6 degrees for the particular car used in study [9] with the parameters given, when the display is at the maximum 2D downangle of 30 degrees. 25.60 deg Table A1 . Parameters for the CAD model that matches the empirical driver performance braking data to forward events [9] . The maximum 2D downward viewing angle is 30 degrees, which the display location just meets. The corresponding maximum 3D downward viewing angle is 25.6 degrees (for SAE curb ground), which the display location also just meets. Fig. A1 illustrates a more general 3D solution that includes the CAD model [9] as a special case. For illustrative purposes, it is easiest to reference the driver coordinate system to an eye point located at (0, 0, 0). The 2D downward viewing angle of the display point (marked T in Fig. A1 ) is at the 2D maximum of 30 degrees. The horizontal 2D constraint line in Fig. A1 shows that the 2D angle stays fixed at 30 degrees (317.54 mm below the eye point in side view) as a function of cross-car distance. The curved line in Fig. A1 labeled "1.4B 3D constraint line" gives the permissible maximum permissible downward distances for the 1.4B criterion for that vehicle as a function of cross-car distance. The 3D downward viewing angle is fixed at 25.6 degrees for that curved line.
The 3D constraint line in This swept line or cone method is further described and illustrated in the verification "Method 2 -Swept Line Method" for Principle 1.4B, and main body Figs. 5-7.
Without benefit of analysis, we know that the intersection of C's surface with a vertical plane must be a hyperbola.
(In the study of conic sections, a cone extends to infinity in both directions from the apex, so that a plane parallel to its axis will intersect the cone's surface in two disconnected branches, necessitating that the intersection be hyperbolic. In our case, we are interested only in that half of the cone that lies below the apex, and only in the lower branch of the hyperbola.) The volume inside the cone represents the locations in which the display point should not be placed.
The 2D angle constraint line (assuming SAE curb ground) is the dashed line in Fig. A1 , given by the constant height b = a′sin (30 * π/180). Fig. A1 shows that when the display point is closer to the driver than the intersection of the two constraint lines, the 3D constraint line is higher (i.e., stricter) than the 2D constraint line given by Section 1.4A (assuming SAE curb ground for both), whereas the opposite is true for display positions to the right of the intersection point.
Hence the 3D method in Section 1.4B is neither stricter nor more permissive than the 2D method in Section 1.4A; it depends upon the cross-car distance of the display (see also main body section "Comparison of 2D and 3D Methods"). . The dashed horizontal line shows the 2D design constraint line above which the display point T must be placed, for different cross-car positions d (X-axis). The solid curved line is the 3D design constraint line, above which the display point must be placed to meet criterion 1.4B. As long as the display point T is at or above either the 2D or 3D constraint line, it meets criterion 1.4. In this case, the target point T meets both 1.4A and 1.4B criteria. Point T in this CAD model [9] ). Then the distance a 1 ′ from the eye point to the display point along the line of sight to the display is given by a 1 ′ = sqrt(a 1
). The 3D downangle for this vehicle is then asin(b 1 /a 1 ′), which can be compared with the limit θ 3Dmax1 .
To illustrate, Table A2 shows a vehicle with its SAE eyellipse centroid coordinates, as well as its JIS eye coordinates and display coordinates measured according to the SAE curb ground plane [11] . Table A2 . Eye centroid and display position for car Example 2, measured from SAE curb ground. Table A2 along with a CAD model representation of the human mannequin commonly used in automotive applications. Fig. A3 shows the rear view of the same data. Neither view shows the true 3D downangle, which can only be seen in an oblique view. Table A3 shows the 2D and 3D angle calculations for  the Example 2 vehicle, based on the JIS eye point and  display point in Table A2 , assuming SAE ground coordinates [24] . The display point T is at a 3D downangle value of 29.36 degrees and must be moved up on the instrument panel such that a vertical height increase of at least 1.52 degrees (22.46 mm) occurs, in order to meet the 3D downangle limit of 27.64 degrees. Note that the dashboard is usually curved and tilted rather than a vertical plane, so the offset height increase required to meet the criterion should only be viewed as approximation to the actual distance that the display needs to be moved up on the dashboard itself. The final position of the display on the dashboard should be again validated against the criterion after the display is moved upwards in the CAD model. It would again be useful for design and vehicle architecture purposes to evaluate the downward viewing limit for the vehicle not just for one particular display location, but for an extended constraint line on the instrument panel above which the display point should be placed. This constraint line allows determination of how high the display must go for all side-to-side positions along the instrument panel [25] . By treating the cross-vehicle distance d as a variable, a 3D downangle constraint line b sweep on the instrument panel as a function of d is then given by substituting a 1 into Eq. A1
Parameter Description
for a 0 , and θ 3Dmax1 for θ 3Dmax1 in Eq. A2. The intersection of a plane and a swept line at a constant downangle from the horizontal, traces a hyperbola (see main body section "Method 2 -Swept Line Method"). Table A3 indicate that the display must be raised at least 22 mm vertically to meet the 3D criterion of Principle 1.4B.
